The aerosolization process of fungal propagules of three species (Aspergillus versicolor, Penicillium melinii, and Cladosporium cladosporioides) was studied by using a newly designed and constructed aerosolization chamber. We discovered that fungal fragments are aerosolized simultaneously with spores from contaminated agar and ceiling tile surfaces. Concentration measurements with an optical particle counter showed that the fragments are released in higher numbers (up to 320 times) than the spores. The release of fungal propagules varied depending on the fungal species, the air velocity above the contaminated surface, and the texture and vibration of the contaminated material. In contrast to spores, the release of fragments from smooth surfaces was not affected by air velocity, indicating a different release mechanism. Correlation analysis showed that the number of released fragments cannot be predicted on the basis of the number of spores. Enzyme-linked immunosorbent assays with monoclonal antibodies produced against Aspergillus and Penicillium fungal species showed that fragments and spores share common antigens, which not only confirmed the fungal origin of the fragments but also established their potential biological relevance. The considerable immunological reactivity, the high number, and the small particle size of the fungal fragments may contribute to human health effects that have been detected in buildings with mold problems but had no scientific explanation until now. This study suggests that future fungal spore investigations in buildings with mold problems should include the quantitation of fungal fragments.
Water damage in buildings is common and is often associated with mold problems. In North America, cross-sectional questionnaire studies have found that 27 to 36% of homes have mold problems (9, 51) . Studies that included indoor air quality measurements have shown even higher numbers, from 42 to 56% (8, 11) . In Europe, the prevalence of damp and moldy homes has been reported to be 17 to 46% for Great Britain (5, 23, 34, 42) , 15 to 18% for The Netherlands (3, 55, 56) , and 15% for Finland (41) . Alarmingly, signs of present or previous moisture-related defects were found in 80% of randomly selected private homes investigated by civil engineers trained to recognize the signs of water leaks or condensation (37) .
Increased prevalence of water-damaged buildings and subsequent fungal contamination may contribute to the noted increase in allergic diseases. Fungi can affect human health in a variety of ways. Possible reactions generally fall into one of three groups: allergic reactions (sensitization and immune responses, i.e., asthma, allergic rhinitis, or hypersensitivity pneumonitis), infections (growth of the fungus in or on the body, e.g., aspergillosis), and toxic responses (24, 30, 45) . The toxic reactions are mainly connected with the secondary fungal metabolites, i.e., mycotoxins, but the role of cell wall components, such as ␤-(133)-D-glucans, has also been reported (4, 26, 29, 45, 47, 50) . In addition, exposure to volatile organic compounds produced by fungi while growing on substrates and degrading them may be responsible for nonspecific symptoms, such as headaches; eye, nose, and throat irritation; and fatigue (4, 35) .
An association between the existence of mold problems in buildings and adverse health effects has been found in several studies (24, 57) . Although epidemiological studies show that people living or working in buildings with mold problems have more respiratory symptoms and diseases than people in nonproblem buildings, the relationship between inhaled fungal spores and induction of respiratory symptoms is still indeterminate and controversial in many aspects (7, 25, 35, 40, 45, 54) . While the health problems in moldy buildings are associated with exposure to high concentrations of airborne fungal spores in a few studies (42, 58) , several field studies show that the fungal spore concentration in problem buildings is not necessarily higher than that in nonproblem ones (14, 25, 36, 53) . This suggests that airborne fungal spores may not be the only agents contributing to the health effects in damp indoor environments.
While some reports are available on the emission of fungal spores from moldy surfaces (16, 18, 39) , the release of other types of fungal propagules has not been sufficiently explored. In our recent investigation on the release of fungal spores, performed in the laboratory under controlled environmental conditions (18) , we found that parameters such as fungal species, air velocity above the surface, texture of the surface, and vibration of contaminated material affected the release of spores. The principal new finding reported here is that fungal fragments are released together with spores from contaminated surfaces. While the presence of fragments is docu-mented with pollen exposures (43, 52) , fungal fragments have gained much less attention. The role of fungal fragments is particularly interesting in the light of recent epidemiological studies on the relationship between outdoor air particulate pollution and health effects. These studies present evidence that fine particulates (size, Ͻ2.5 m) are more strongly related to adverse health outcomes than coarse particles (10, 31, 48) . The present paper characterizes the release of fungal fragments from contaminated surfaces and compares the results to those obtained in our previous study (18) on the release of fungal spores. The present study also reports data on the immunological reactivity of fungal fragments and spores.
MATERIALS AND METHODS
In the present study the same experimental setup was used and the same test materials and fungal species were selected as in our previous study on the release of fungal spores (18) . A brief summary of the procedures is given below.
Experimental setup. The aerosolization chamber and the experimental facility utilized for this study are depicted in Fig. 1 . After incubation, the contaminated material (either an agar plate or a ceiling tile) was placed in a holder inside the aerosolization chamber. Fungal fragments and spores from the contaminated material were released by passing clean, HEPA-filtered air over the surface (12144 HEPA capsule filter; Pall Gelman Laboratory, Ann Arbor, Mich.) with controlled airflow rates. The entire setup was placed inside a class II biosafety cabinet (SterilchemGARD, Baker Company, Sanford, Maine). A HEPA filter in the exit flow collected all remaining released propagules to prevent contamination of the room environment.
The experiments were conducted at four air velocities typical for the following environments: indoor air (0.3 m s Ϫ1 ), outdoor air (1.4 and 5.8 m s Ϫ1 ), and ventilation ducts (29.1 m s Ϫ1 ). These four velocities were adjusted through four combinations of two different orifice sizes for the air inlet and two different flow rates through the inlet. Two 400-orifice stages of the 6-stage Andersen impactor (Model 10-800; Andersen Instruments, Atlanta, Ga.) with an orifice diameter of 1.18 and 0.25 mm, respectively, were utilized as the air inlets, one at a time. By virtue of the pressure drop across the 400 nozzles, the airflow through each of the 400 air jets approaching the test surface was the same. The airflow rates were 7 and 35 liters min Ϫ1 . To investigate the influence of mechanical disturbance on fungal spore release, some tests were performed by applying vibration to the surface at a frequency of 1 Hz at a power level of 14 W. This frequency was selected because it is believed to cause a maximum vibration-induced structural response in buildings (27, 49) . A simple electromagnet with an oscillating cylindrical hammer inside was used as the vibrator in the experiments. A sweep/function generator (Model 180; Wavetek, San Diego, Calif.) was connected to the electromagnet to generate the specific combination of frequency and power.
The concentration of released propagules was measured with an optical particle counter (Model 1.108; Grimm Technologies, Inc., Douglasville, Ga.). This device, based on light scattering, measures the concentration of particles in the (optical equivalent) size range of 0.3 to 20 m. The duration of each experiment was 30 min. At the beginning of every experiment the system was operated in the absence of any test material in the chamber until the particle level was zero, as measured by the optical particle counter. In the next step, a noncontaminated agar plate or ceiling tile (incubated under the same conditions and times as the inoculated materials) was placed in the aerosolization chamber to establish the background level for particles released from the test surface when exposed to airflow and/or vibration. These levels were negligibly low, about 0.01% of the total released propagules. During all the release experiments in a biosafety cabinet, the temperature and relative humidity, measured with a humidity/temperature meter (Fisher Scientific Company, Pittsburgh, Pa.), were 20 to 24°C and 32 to 40%, respectively. This low humidity was chosen for the experiments to represent the worst-case scenario, as fungal propagules have been shown to be aerosolized more easily when the air is dry (in contrast to release into humid air) (16, 39) . Each test was repeated three to six times. Before each test, the experimental system was purged by passing clean air through it.
Tested surface materials. Two surface materials were tested for the release of fungal propagules (i.e., fragments and spores): agar plates filled with malt extract agar (Becton Dickinson Microbiology Systems, Sparks, Md.) and white ceiling tiles (Armstrong World Industries, Inc., Lancaster, Pa.). The latter material is commonly used in buildings in the United States and consists of human-made mineral fibers. The porous texture of this material was expected to support fungal growth (15) . The tested agar and ceiling tile surfaces had the same round shape and the same dimensions as a plastic petri dish (diameter, 8.7 cm; height, 1.4 cm; area, 59.42 cm 2 ). Both tested materials were sterilized before being prepared for the experiments. The agar plates were prepared according to the microbiological procedure recommended by the manufacturer (Becton Dickinson Microbiology Systems). Precut pieces of ceiling tiles were autoclaved at 121°C for 15 min. After sterilization, the agar plates and ceiling tiles were inoculated with specific fungal species.
Fungal species and growth conditions. On the basis of earlier investigations (1, 44) and similar to our spore release study (18) , three fungal species were selected for the tests: Aspergillus versicolor, Penicillium melinii, and Cladosporium cladosporioides. A. versicolor and C. cladosporioides are commonly present in indoor air (6, 17, 19, 28, 32, 38, 40) . P. melinii is characteristic of soil environments. This species has, however, previously been isolated from contaminated building materials and was selected to represent fungi with large spores (44) .
The fungal species were first grown on malt extract agar plates at 24°C at a relative humidity of 32 to 40% for 7 days before inoculation of the test materials. 
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Fungal suspensions were prepared by washing fungal colonies from the agar plates with deionized and sterilized water (5 Stage Milli-Q Plus System; Millipore Corporation, Bedford, Mass.). The spore concentrations in the initial water suspensions were checked by using a bright line hemacytometer counting chamber (Model 3900; Hausser Scientific Company, Horsham, Pa.), and the concentration was adjusted to 10 6 spores per ml. The agar plates and ceiling tiles were inoculated with 0.1 and 1 ml of fungal suspensions, respectively. After inoculation, the agar plates and ceiling tiles were incubated in separate chambers at 24°C and a relative humidity of 97 to 99%. This humidity was achieved by placing saturated K 2 SO 4 solution (150 g per liter) at the bottom of the incubation chambers (20) . The agar plates were incubated for 7 days and the ceiling tiles were incubated for 6 (C. cladosporioides and P. melinii) or 12 (A. versicolor) months, which resulted in abundant fungal growth on both surfaces. Temperature and humidity in the chambers were monitored by a humidity/temperature meter.
After incubation, two samples of each of the two tested materials were used to determine the initial spore surface concentration. A 2-cm 2 piece of the contaminated material was cut and suspended in 25 ml of deionized and sterilized water in a test tube. The spores were then extracted from the material by vortexing them for 10 min in a vortex touch mixer (Model 231; Fisher Scientific Company, Pittsburgh, Pa.). The spore concentrations in the resulting suspensions were determined with the bright line hemacytometer, which indicated about 10 7 spores per cm 2 for both agar and ceiling tile samples. The hyphal structure of the fungal colonies on the agar and ceiling tile surfaces was observed by using both a light microscope (Model Labophot 2A; Nikon, Tokyo, Japan, available through Fryers Company, Inc., Carpentersville, Ill.) and a stereomicroscope (Model Stereomaster II; Fisher Scientific Company).
SEM analysis. The presence of fragments was confirmed by scanning electron microscope (SEM) analysis. For this purpose, fungal propagules were aerosolized and sampled during 30-min experiments onto a 25-mm polycarbonate membrane filter with a pore size of 0.2 m (Millipore Co.) with an in-line filter holder (Pall Gelman Laboratory), which replaced the HEPA filter in the outlet tube downstream of the aerosolization chamber (Fig. 1A) . After sampling, the polycarbonate filters were coated with platinum (JEOL JFC-1300 auto fine coater metalliser; JEOL, Tokyo, Japan) and then analyzed by using low-vacuum SEM (Model JSM 5600LV; JEOL) paired with Oxford microanalysis. The secondary vacuum in the SEM operated at a pressure of 10 Ϫ4 Pa. The images obtained during the analysis were digitized from an electron detector of the SEM and were passed to the computer.
Immunological reactivity of fungal propagules. To test the immunological reactivity of A. versicolor and P. melinii propagules, the fragments and spores were simultaneously released from the agar plates at an air velocity of 24 m s Ϫ1 and were then collected onto separate filters by using a cascade impactor. For the purpose of these experiments, a 7-stage Andersen Cascade Impactor (Andersen Instruments Inc., Smyrna, Ga.) was added to the experimental setup (Fig. 1B ). This device has particle cutoff sizes of 7.4, 4.7, 3.3, 2.1, 1.1, 0.65, and 0.43 m for stages 1 through 7, respectively. The impaction plates of stages 3 to 7 were covered with a double-sided sticky tape (Manco Inc., Westlake, Ohio), which was discarded after each experiment. This was done to decrease particle bounce and to improve the separation of fragments and spores. Impaction stages 1 and 2 (which collected most of the spores) had 80-mm-diameter polyvinyl chloride (PVC) filters as substrates (Omega Specialty Instrument Co., Chelmsford, Mass.). The remaining propagules, most of which were fragments, were collected onto a 37-mm-diameter PVC filter with a pore size of 0.8 m (SKC Inc., Eighty Four, Pa.). This filter was placed directly after the impactor outlet and is marked "After filter" in Fig. 1B .
Each set of samples was collected for 4 h. During this time the fungal propagules were released from 24 contaminated agar plates, which were changed every 10 min in order to attain sufficiently high concentration of released fungal propagules. The latter was measured simultaneously by using the Grimm optical particle counter and an ultrafine particle counter (P-Trak, Model 8525; TSI Incorporated, St. Paul, Minn.). The P-Trak is a condensation nuclei counter, which measures the concentration of particles in the size range of 0.02 m to greater than 1 m.
For the immunological reactivity tests, only the filter from stage 2 (collecting spores and their agglomerates in the 4.7-to 7.4-m size range) and the after filter (collecting fragments) were used. After collection, each PVC filter was cut up, placed separately in a safe-lock Eppendorf micro test tube (Brinkmann Instruments, Inc., Westbury, N.Y.), and soaked with 1 ml of carbonate coating buffer at a pH of 9.6. The collected fungal propagules were suspended from the filters by vortexing for 0.5 min with a vortex mixer (Model Vortex-Genie 2; Scientific Industries, Bohemia, N.Y.). To guarantee purity (absence of spores) in the fragment samples, the fragment suspensions were filtered through 25-mm-diameter polycarbonate membrane filters with a pore size of 2 m (Millipore Co.). The purity of the fragment suspensions as well as the spore concentrations present in the spore suspensions were checked by using a bright line hemacytometer counting chamber. The number of released fragments with diameters below 0.4 m (collected on the after filter) was estimated by subtracting the number of particles within the 0.4-to 1-m size range (recorded by the Grimm optical particle counter) from the number of particles within the 0.02-to 1-m size range (recorded by the P-Trak ultrafine particle counter).
The immunological reactivity of the fungal propagules was tested by using a modified enzyme-linked immunosorbent assay (ELISA). The fungal fragment and spore suspensions (100 l) were pipetted into the wells of ELISA MicroWell plates (Nalge Nunc International, Naperville, Ill.) and were incubated overnight at room temperature. After incubation the wells were washed twice with 200 l of phosphate-buffered saline containing 0.05% Tween 20 (PBST). The ELISA plates were then processed according to the following five sequential steps, each step being separated from the next by two washing steps with PBST: (i) incubation for 1 h at room temperature in 200 l of PBST containing 1% nonfat milk powder (PBSTM); (ii) incubation for 1 h at 37°C in 100 l of monoclonal antibody (MAb) culture supernatant diluted five times into PBSTM; (iii) incubation for 1 h at 37°C in 100 l of Biotin-SP-conjugated AffiPure goat anti-mouse immunoglobulin G plus immunoglobulin M secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) at a dilution of 1/5,000 in PBSTM; (iv) incubation for 1 h at 37°C in 100 l of alkaline phosphataseconjugated streptavidin (Jackson ImmunoResearch Laboratories, Inc.) at a dilution of 1/5,000 in PBSTM; and (v) incubation for 30 min at room temperature in 100 l of substrate buffer (97 ml of diethanolamine, 100 mg of MgCl 2 [both from Sigma Chemical Co., St. Louis, Mo.] in 1 liter of distilled water; pH was adjusted to 9.8 with HCl) containing one 5-mg p-nitrophenyl phosphate tablet (Sigma Chemical Co.) in 10 ml of buffer. Three different MAbs were used in the tests: MAb 14F7 produced against A. versicolor but cross-reacted with P. melinii, MAb 5F7 produced against Penicillium brevicompactum but cross-reacted with A. versicolor and P. melinii, and MAb 12G2 produced against Penicillium chrysogenum but cross-reacted with A. versicolor and P. melinii. After incubation, the absorbance of the prepared samples was read spectrophotometrically at a wavelength of 405 nm (UltraMicroplate Reader, Model EL x 800; BIO-TEK Instruments, Inc., Winooski, Vt.). Two independent sets of samples for each tested fungal species of A. versicolor and P. melinii were tested in triplicate (one set is a pair of one spore and one fragment sample). Two blank PVC filters used as negative controls were tested in parallel with the sample filters.
Data analysis. The data were statistically analyzed by analysis of variance and t test by using the software package STATISTICA for Windows (StatSoft, Inc., Tulsa, Okla.).
RESULTS
The optical particle size distribution was measured for each tested fungal species at an air velocity of 29.1 m s Ϫ1 with both agar and ceiling tile samples. The results are presented in Fig.  2 . Previous reports indicate that the physical size of spores (measured under a microscope) is 2 to 3.5 m for A. versicolor (close to spheres), 3 to 2 m by 7 to 4 m for C. cladosporioides (ellipsoidal shape), and 5 to 6 m for P. melinii (close to spheres). The respective aerodynamic equivalent sizes are 2.5, 1.8, and 3.0 m (44). The optical size distributions of the released fungal propagules, shown in Fig. 2 , were the first ones to reveal that particles significantly smaller than the single spore size are released from the cultures of all three tested fungal species. This is clearly seen as an additional peak in the submicrometer size range. The peak in the number of released particles corresponding to the spore size for all test organisms is seen between 1.6 and 3.0 m in equivalent optical diameter. Therefore, the particle size of 1.6 m was selected as the lower counting limit separating spores from fungal fragments.
The presence of fungal fragments was confirmed by collecting filter samples and investigating them under the SEM. spores (Fig. 3A) as well as fragmented spores and/or hyphal fragments (Fig. 3B) was observed. Figure 4 shows a comparison between the number of fragments and spores released from agar surfaces at four air velocities. The number of released fragments ranged from 160 to 1,400 particles per cm 2 , and the number of spores ranged from 1 to 70 per cm 2 . Although the optical particle counter used in this study detects and counts particles only down to 0.3 m, the data indicate that concentrations of released fragments were 11 to 320 times higher than those for spores of A. versicolor, 17 to 170 times higher than those for spores of C. cladosporioides, and 7 to 270 times higher than those for spores of P. melinii. All these differences were statistically significant (P Ͻ 0.05 for A. versicolor and C. cladosporioides and P Ͻ 0.000001 for P. melinii by t test). The lowest fragment/spore ratio was usually observed for an air velocity () of 29.1 m s Ϫ1 , and the highest ratio varied depending on the fungal species (v ϭ 5.8 m s Ϫ1 for A. versicolor, v ϭ 1.4 m s Ϫ1 for C. cladosporioides, and v ϭ 0.3 m s Ϫ1 for P. melinii). Our recent findings (18) reveal that the spore release from agar increased with increasing air velocity. In this study, air velocity did not affect the number of released fragments (P Ͼ 0.05 by analysis of variance), and therefore further experiments were performed at the two extreme velocities, 0.3 m s Ϫ1 (typical air velocity in indoor environments) and 29.1 m s Ϫ1 (typical air velocity in ventilation ducts). Table 1 compares the results on the release of fragments and spores from agar and ceiling tile surfaces at the two air velocities indicated above. Similar to what was determined about the release from agar, the number of aerosolized fungal fragments from ceiling tile surfaces was always higher than the number of released intact spores. At an air velocity of 29.1 m s Ϫ1 the release of fragments from ceiling tiles was much higher than that from agar surfaces, reaching its maximum of 5.7 ϫ 10 5 particles per cm 2 for P. melinii (P Ͻ 0.000001). At a lower air velocity of 0.3 m s Ϫ1 the release rate reached 2.4 ϫ 10 3 fragments per cm 2 , but no significant differences were observed for the number of fragments released from these two surfaces. In contrast to agar, there was a noticeable increase in the number of released fragments for all tested fungal species with increased air velocity from the ceiling tile surfaces. The t test statistically confirmed these differences for fragments of A. versicolor (P Ͻ 0.05) and P. melinii (P Ͻ 0.001). Similar release trends were noted for fungal spores (18) .
Data on the effect of surface vibration on the release of fungal fragments are also shown in Table 1 . Vibration of ceiling tiles at the lower air velocity of 0.3 m s Ϫ1 increased the release of Cladosporium (P Ͻ 0.05) and Penicillium fragments (P Ͻ 0.01). For Aspergillus fragments this difference was not statistically significant. At v ϭ 29.1 m s Ϫ1 no statistically significant effect of vibration on the release of fragments was observed. The same observation was previously concluded for the spore release experiments (18) . Similar to the tests conducted without vibration, the augmentation of air velocity from 0.3 to 29.1 m s Ϫ1 resulted in an increase in the number of released fungal fragments from ceiling tiles when vibration was applied. Statistical analysis (t test) confirmed this trend for fragments of A. versicolor (P Ͻ 0.01) and P. melinii (P Ͻ 0.0001).
The percentage of released fungal fragments and spores during the first 10 min of the 30-min experiments is presented in Table 2 . These data were obtained at airflow velocities of 0.3 and 29.1 m s Ϫ1 for agar and ceiling tiles without vibration applied and for ceiling tiles when these two air flows were accompanied by vibration. For all these species, the percentage of released fragments was 30 to 53% and of released spores was 27 to 45% at the air velocity of 0.3 m s Ϫ1 when no vibration was applied. When vibration was applied to the ceiling tile surfaces the respective mean percentage increased to 51 to 53% for the release of fragments and to 59 to 76% for the release of spores. At the air velocity of 29.1 m s Ϫ1 the mean percentage of released fungal propagules increased to 66 to 86% for fragments and to 71 to 88% for intact spores. Applying the surface vibration at this air velocity did not affect the fragment and spore release (the same mean values of 76 and 81%, respectively).
The correlation between the numbers of released fungal propagules was analyzed for the three tested fungal species. For each species, all the data on the number of released fungal fragments (from agar and ceiling tiles with and without vibration) at an air velocity of 0.3 m s Ϫ1 were grouped into one category and were correlated with the respective numbers of released spores. The data obtained at an air velocity of 29.1 m s Ϫ1 were grouped into another category and were tested separately. The results are summarized in Table 3 The immunological reactivity was expressed as the optical density of the respective fungal propagule sample incubated with a MAb ( ϭ 405 nm after 30 min of substrate incubation time). The fragment and spore samples always showed significant immunological reactivity independent of the type of MAb used. For the tested A. versicolor fragment samples the optical densities were 3.7 to 5.1 times higher than those for the spore samples (P value in t test varied from Ͻ0.05 to Ͻ0.01). For the P. melinii fragment samples the respective values were 2.0 to 3.2 times higher than those for the spore samples (always with a P value of Ͻ0.01). The blank filter samples (negative controls) tested simultaneously with the fragment and spore samples showed no activity in ELISA.
DISCUSSION
The most interesting finding of this study was that a significant amount of immunologically reactive particles having sizes considerably smaller than those of the spores was released from surfaces contaminated with fungi. Even with the accuracy of the Grimm optical size spectrometer, which allows measurement of particles as small as 0.3 m in size, these fragments outnumbered the aerosolized spores by up to 320 times. The presence of fragments was confirmed by SEM observations. The presence of airborne fragments is clearly documented with pollen exposures, as the onset of seasonal allergies is shown to start several weeks before the respective pollen grains are detected in the air (43, 52) . In contrast, the role of fragments in fungal exposures has not been sufficiently recognized. The reason for this may be that fine and ultrafine fragment particles cannot be detected with traditional bioaerosol sampling and analysis methods. However, previous reports on mycelium pieces (that were large enough to be detected by light microscopy) indicate the possibility of the presence of fragments. Li and Kendrick (32) and Robertson (46) showed that the concentrations of fungal fragments in indoor air can reach an average level of 29 to 146 pieces per m 3 , i.e., up to 6.3% of all fungal propagules indoors. Madelin and Madelin (33) reported that pieces of mycelium are often blown away from contaminated surfaces, and some of these pieces remain viable and capable of initiating new growth. It is also possible that the fragments are pieces of spores and fruiting bodies or are formed through nucleation from secondary metabolites of fungi, such as semivolatile organic compounds.
Some researchers have compared the allergic responses of spore and mycelial extracts and have found that they share common allergens but that their reactivities vary and, in some cases of extract comparison, the intensities of the reactions from mycelium can exceed those obtained from the comparable spore extract studies (2, 12, 13) . Our findings seem to be in good agreement with these results. All three tested MAbs revealed reactivity with the examined fungal propagules. The finding that the fragment samples had fungal antigens even after filtering for the remaining spores confirms that the fragments were indeed of fungal origin. Furthermore, the activity of the fungal fragment samples always exceeded that obtained for the spore samples. The reported numbers of fungal fragments and spores were released from the same area of contaminated surfaces during the same sampling time and thus represent a true exposure situation. The high number and reactivity of the fungal fragments are striking, suggesting that these fragments may significantly influence the health of exposed individuals. This factor has, to the best of our knowledge, been overlooked so far in studies evaluating indoor air quality. The specificity and the cross-reactivity of the tested MAbs should be taken into consideration when evaluating the above results. In our studies, the activity of P. melinii fragments and spores was higher than that of A. versicolor propagules. The high optical density values were probably caused by the higher number of antibody-specific fungal antigens present in the tested propagule suspensions. However, the high reactivity of fungal fragments itself appears to be of great significance from an exposure assessment point of view. As seen from the data given above, the high number of small particles being immunologically reactive and penetrating into the human respiratory tract can potentially be the cause of adverse health effects and can, at least in part, be responsible for unexplained cases of respiratory symptoms in damp buildings.
The results of previous studies (18, 21, 39, 59) indicate that the release of fungal spores generally increased when the air velocity above the contaminated surface increased. In the present study, however, the release of fragments from smooth agar surfaces was not affected by the air velocity. The different trend in fragment release compared to that of intact spores indicates that the fragments are aerosolized through a process different from that for spores. It is hypothesized that the fragments are already liberated from the mycelium or spores before the air currents carry them away. Thus, all the fragments are aerosolized at low air velocity, and an increase in the velocity does not increase their release. The increased release from rough ceiling tile surfaces appears to be related to the higher air turbulence effect above the surface cavities (18) . The particular components of fungi (hyphae, conidiophores, and spore chains) overgrew almost the entire surface on both materials. Stereomicroscopic observations revealed that for ceiling tiles, growth occurs not only on the top surface, but the fungal colonies grow in each of the surface cavities as well. Fungal mycelium rises vertically upward, creating a mesh-like structure in the recesses of the ceiling tile surface. The higher air velocity with increased turbulence is more likely than the lower air velocity to release fungal propagules from the surface cavities. The difference in the fragment release between agar and ceiling tile can be partially caused by the differences in the moisture conditions. Moisture from agar can penetrate the thick layer of fungal growth and thus can increase the adhesion forces and reduce the release of fungal propagules. It should also be noted that the adhesion forces are higher for fungal fragments than for fungal spores due to the smaller size of the fragments.
On the basis of microscopic observations it can also be concluded that the morphology of fungal colonies may play an important role in the fragment release mechanism. A. versicolor and P. melinii colonies have longer, thinner conidiophores and longer spore chains than the colonies of C. cladosporioides. During exposure to the air currents, elongated Aspergillus and Penicillium colony parts (conidiophores, metulas, and phialides) as well as other structural elements (e.g., joint areas between the spores) are much more susceptible to desiccation stress (because of the larger exposed area) than the respective Cladosporium structures, and they probably become much more brittle when subjected to air turbulence.
In the real world ceiling tiles are probably under constant influence from different sources of vibration. This mechanical disturbance can originate both from the indoors and outdoors (operating home appliances, heating or air conditioning units, residents' activities, wall vibrations caused by road traffic, ground movement, etc.) and generally may lead to particle release from surfaces into the air (22) . The vibration parameters selected for this study, i.e., a frequency of 1 Hz at a power level of 14 W, reflect the disturbances caused by, e.g., closing or slamming a door or children jumping. Similar to results obtained for spores (18) , the vibration was shown to increase the release of fungal fragments at the low air velocity. This indicates that vibration is an important mechanism affecting the release of fungal propagules in indoor air environments and may partly explain the sporadic release of fungal propagules discussed below. High-velocity air currents appeared to have released all the fragments that were capable of being aerosolized, and therefore additional forces applied by vibration did not increase the release.
Regarding the colony morphology, mechanical stress caused by vibration may also cause additional release of fungal fragments from the elongated colony structures. Shorter structures of C. cladosporioides are more compact and, thus, are probably more resistant to the forces created by vibration of the surface. Elongated parts of A. versicolor and P. melinii colonies appear to be more easily affected by this mechanical force, which results in higher aerosolization of fragments, especially when the air current is low (indoor conditions).
The air currents were able to release up to 86% of the fungal fragments at v ϭ 29.1 m s Ϫ1 and up to 53% of the fungal fragments at v ϭ 0.3 m s Ϫ1 from contaminated surfaces during the first 10 min. This is almost the same percentage as that determined earlier for intact spore release (18) . On the basis of these results it can be concluded that a significant portion of fungal propagules can be aerosolized from contaminated sur- faces during a very short time interval. Such a high concentration of particles generated during a relatively short time period can significantly contribute to the indoor air quality. It is well known that fungal spore concentrations in indoor air have a wide temporal variation. Our study indicates that a similar variation is likely to occur with airborne fungal fragments in contaminated buildings. This study showed that the number of released fragments was always higher than the number of intact spores released from contaminated surfaces. This trend seemed to be the same regardless of air velocity, surface material, and the presence or absence of vibration applied to the surface. On the basis of the correlation analysis of the above-described results it can be concluded that the number of fragments released at high air velocities can be predicted if the number of spores present in the air is known. At low air velocities such predictions could be burdened with significant error.
Conclusions. This study revealed that fungal fragments are aerosolized simultaneously with spores from contaminated surfaces. The released fungal fragments consistently outnumber the spores and can exceed 6 ϫ 10 5 particles per cm 2 . Such changes in the number of potentially immunologically relevant particles should be taken into consideration when performing exposure assessments in indoor environments.
The tests performed with MAbs produced against Aspergillus and Penicillium fungal species revealed that the fungal fragment and spore suspensions both had immunological reactivity. ELISA tests showed that fragments and spores share common antigens which not only confirmed the fungal origin of the fragments but also established their potential biological relevance. The fragment fraction of released fungal propagules, not previously measured in water-damaged buildings, may contribute to adverse health effects that have been detected among building inhabitants.
While the spore release from surfaces increased with increased air velocity, the release of fragments from smooth agar surfaces was not affected by the magnitude of the air velocity, indicating different release mechanisms for spores and fragments, respectively. At the low air velocity (typical for indoor environments), the application of vibration to the contami- On the basis of the correlation analysis results, we conclude that in indoor environments the number of released spores is generally not a reliable indicator for the number of released fragments. Thus, future studies on mold problem buildings should include the measurement of fungal fragments in addition to intact spores.
